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PROCEEDINGS 
SUPPLEMENTS 
Kaluza-Klein Monopoles and Gauged Sigma Models 
E.A. Bergshoeffd* 
aInstitute for Theoretical Physics, 
Nijenborgh 4, 9747 AG Groningen, The Netherlands 
We review some aspects of branes. In particular, we discuss the worldvolume theory describing the dynamics 
of the Kaluza-Klein monopole which turns out to be a gauged sigma model. We also briefly review some recent 
applications of gauged sigma models to the worldvolume description of massive branes, i.e. branes moving in a 
background with a nonzero cosmological constant. 
1. Introduction 
Strings are one-dimensional spacelike struc- 
tures that generalize the notion of a particle. The 
different vibration modes of the string corres- 
pond to (massless as well as massive) elementary 
particles. It is natural to extend this idea and also 
consider membranes which are two-dimensional 
extended structures. In that case the different 
vibration modes of the membrane correspond to 
elementary particles. Similarly, one may con- 
sider p-dimensional extended objects, or simply 
p-branes. 
The following three aspects are relevant when 
discussing extended objects: 
1. Worldvolume actions 
2. Target space effective actions 
3. Extended object solutions 
These three aspects are related in different ways. 
For instance, for strings, i.e. p=l, the starting 
point is the worldsheet 1-brane action which in 
this case is a Nambu-Goto type action for the 
embedding coordinates Xi‘. There exist several 
techniques to relate this world-sheet action (in a 
curved background) to a target space effective ac- 
tion which, at low energies and weak coupling, is 
given by a supergravity theory. This target space 
action allows different kinds of p-brane solutions, 
*This work is supported by the European Commis- 
sion TMR programme ERBFMRX-CT96-0045, in which 
E.B. is associated to the university of Utrecht and by a 
NATO Collaborative Research Grant. 
i.e. solutions with p spacelike isometries (for a 
review of extended object solutions, see [l]). In 
particular, it allows a 1-brane solution. There are 
two ways to relate this solution to the original 
worldsheet 1-brane action. First of all, the effect- 
ive dynamics of the I-brane is described by the 
original Nambu-Goto action. Secondly, the same 
Nambu-Goto action also occurs as a source term 
in the 1-brane solution. It should be noted that 
one extended object solution may lead to differ- 
ent worldvolume actions. This happens whenever 
the charge of the solution is carried by the Neveu- 
Schwarz/Neveu-Schwarz (NS/NS) 2-form or its 
dual. In that case there are three possibilities. 
One may embed the solution in the NS/NS, IIA 
or IIB sector. This happens for instance for the 
above-mentioned 1-brane solution which is often 
called the fundamental string or Pl-solution [2]: 
( 
NS, 
Pl -+ IIA , (1) 
IIB . 
In general, the target space effective action al- 
ways contains, among many other terms (includ- 
ing terms with fermions), a metric gILV, a dilaton 4 
and a p+l-form gauge field Ac~+~) with curvature 
Fcp+2). In the Einstein frame the part of the ac- 
tion containing these three fields is given in terms 
of three parameters, the target space dimension 
d, the order p + 1 of the gauge field form and a 
dilaton coupling parameter a: 
0920-5632/98/$19.00 0 1998 Elsevier Science B.V. All rights reserved 
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C-J P+l 
+ 2(p+2)! 
ea@F2 1 (P+a . (2) 
When considering extended object solutions of 
the above actions it is natural to first consider the 
following class of so-called “two-block solutions”: 
ds2 = Hadxfp+,) - HBdx&,_,), 
e2@ = Hy (3) 
FO...p~ = K& ) 
with H = H(x’) a harmonic function of XI (I = 
1 . . , d-p- 1) and (Y, . . . , E constant parameters. 
l&e that the metric is naturally split into two 
blocks: the first (p+l) directions in the metric 
correspond to the worldvolume of the extended 
object solution while the last (d-p-l) directions 
are transverse to the extended object. 
It turns out that for d > 2 , given the above ac- 
tion and Ansatz, there is a unique solution given 
by2 
a 
4(d -p - 3) = - 
(d-2)A ’ 
4(P + 1) 
’ = (d-2)A’ 
4a 
Y = a> 





A = a2 + 2 (P + l)(d -P - 3) 
d-2 . (5) 
One may divide the brane solutions of string 
theory into three types. 
1. Elementary p branes 
Elementary p-branes are described by a Nambu- 
Goto worldvolume action that has no dilaton 
coupling in front of it: 
SNG4iX 
showing that the mass M of the object is inde- 
pendent of the string coupling constant g = e<@. 
*We use here a form of the solution as given in [3]. 
An example is the fundamental string or Pl- 
solution [2]. Taking in .the above action (d, p, a) = 
(10, 1, -2) one finds that the Pl-solution in string 
frame is given by: 
ds&a = H-‘dxF2) - dx2 (8) ’ 
Pl 
1 
e2” = H-l, 
Fo11 = &H-l. 
2. Solitonic p branes 
(7) 
Solitonic p-branes are described by a Nambu- 
Goto worldvolume action that has a ee2b dilaton 
coupling in front of it: 
SNG N e -2VFl, (8) 
showing that the mass M of the object is propor- 
tional to the inverse squared of the string coupling 
constant: M - 1/g2. 
An example is the solitonic five-brane or P5- 
solution [4,5]. Taking (d,p, a) = (10,5,2) one 
finds that the P5-solution is given by 
( 
ds$,lo = dx& - Hdx&, , 
P5 e2+ = H, 
FO123451 = &H-l. 
3. Dirichlet branes [6] 
(9) 
Dp-branes (0 I p < 9) are described by a 
so-called Dirac-Born-Infeld worldvolume action 
which contains the Nambu-Goto action upon set- 
ting the Born-Infeld l-form equal to zero and 
which has a e- @ dilaton coupling in front of it: 
SNG N e-‘&j, (10) 
showing that the mass M of the object is propor- 
tional to the inverse of the string coupling con- 
stant: M N l/g. 
A special feature of the Dp-brane solutions is 
that their charge is carried by a Ramond-Ramond 
(R-R) gauge field. In ten-dimensional IIA and IIB 
supergravity the following potentials occur: 
IIA : A(I) 7 A(3) 7 A(5) , ~4~7) 7 A(g) , (11) 
IIB : A(o) 7 -4(z) 7 A&) 7 43) 7 43) . (12) 
Note that the 5-form curvature of the 4-form 
potential is self-dual. The g-form potential in 
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the IIA theory describes a cosmological constant. 
The above potentials lead to the following Dp- 
brane solutions (0 5 p 5 9): 
ds$10 = 
DP $4 = 
( Fo...PI = 
with H = H(x’). 
H-i&2 
H-‘/2($:;’ 
- Hi dx&,) , 
&H-l, ’ 
(13) 
The extreme cases p = -1 and 
p = 9 are special. The DS-solution describes flat 
Minkowski space (the open superstring can move 
anywhere in the worldvolume of this 9-brane). 
The D-l-solution, or D-instanton corresponds to 
a flat Euclidean space with a non-zero dilaton and 
A(O) ]71. 
All solutions of Type IIA superstring theory 
have an eleven dimensional interpretation [8] (ex- 
cept for the D8-brane). Due to its relation 
with M-theory these d=ll solutions are called 




Indeed, the fundamental string (Pl) [2] and the 
solitonic five-brane (P5) [4,5] are the double di- 
mensional reduction of the eleven dimensional 
M2-brane [9] 
d&,11 = H-2’3dxT3j - H’/‘dx& , 
Fo121 = &H-l, (15) 
and the direct dimensional reduction of the eleven 
dimensional M5-brane [lo] 
d&l = H-‘/3dx&j - H2i3dx&, , 
FO123451 = &H-l, (16) 
respectively. The Dirichlet D2- and D4-branes 
can be obtained from the MZbrane and M8brane 
via direct and double dimensional reduction, re- 
spectively. The DO- and DG-branes in the IIA the- 
ory are related to the purely gravitational Brink- 
mann wave [ll] (W) and the Kaluza-Klein mono- 
pole [ 121 (UC) in eleven dimensions. These eleven 
dimensional solutions also have their counterparts 
in D = 10, which we denote.by W and KK. Each 
of these solutions preserves l/2 of the D = 11 
(or D = 10, iV = 2) supersymmetry. In Figure 1 
(taken from [13]) we summarize the relationship 
between these d = 10 IIA and d = 11 solutions. 
The eleven dimensional interpretation of the 
D&brane [14,15] is still a mystery. Presumably, 
it is related to a 9-brane 3 in d = 11. The direct 
reduction of such a 9-brane is expected to lead to 
D = 10 Minkowski space. 
jFrom Figure 1, we see that in order to relate 
the branes of string theory to those of M-theory 
we need to extend the class of M-brane and D- 
brane solutions to include waves and monopoles 
and in d=lO we must include the Pl- and P5- 
soluitions: 
M - branes -+ M - branes 
+ waves + monopoles, 
D - branes + D - branes 




We first discuss the the wave solution. The 
Brinkmann wave in d dimensions is given by the 
metric [ 1 l] 
ds2 = 2dudw + 2K(u, Z)du2 - dZ2 , (19) 
with dzi? = dxi + . . . + dxFd_,) and where we have 
used light-cone coordinates 
u= $(t+z). w = $(t - z) . (20) 
The function K(u, 2) is harmonic in the variables 
t + 2, x2,. . . )X(&l). In ten dimensions the wave 
solution is T-dual to the Pl-solution. 
A special example of a Brinkmann wave is the 
gravitational shock wave 
K(u, 2) = S(u)H(Z) , (21) 
where the function H(Z) is a harmonic function 
in 5. It turns out that the sigma model action 
3The conjectured 9-brane is also discussed in [15-201. 
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corresponding to the Brinkmann wave is given by 




More precisely, a massless particle moving in the 
z-direction is the source of a gravitational shock 
wave. The embedding coordinates of such a mass- 
less particle are given by 
U(7) = 0, V(T) = d%,r7(7) = 0. (23) 
One may verify that indeed the gravitational 
wave, together with the above particle configura- 
tion, is a solution to the equations of motion that 
follow from the target space effective action to 
which the masless particle action is added as a 
source term [21]. 
The situation of the Kaluza-Klein monopole is 
less clear. In fact, up to recently, not much was 
known about its worldvolume structure. In the 
next section we will discuss some recent progress 
in this direction. 
2. The Kaluza-Klein Monopole 
The contents of this section is based upon the 
work described in [2214. Our starting point is the 
1 l-dimensional Kaluza-Klein monopole or KKl 1 
solution [1215 
ds2 = qijdyidyj (24) 
-H-l (dz + A,dxm)2 - H(dcP)2, 
where i, j = 0, . . . , 6, m, n = 7,8,9, and z = x1’ 
and where 
F mn = 2d[,A,] = +&,H, &C&H = 0. (25) 
The solution (24) has 8 isometries and there- 
fore it represents an extended object. At first 
sight one might think that the solution represents 
a ‘I-brane (with non-isotropic worldvolume direc- 
tions) but it turns out that the isometry in the 
4For other recent work on the KK monopole, see e.g. [20, 
231 
5The discussion below can easily be extended to arbitrary 
dimensions d. For simplicity we restrict ourselves to d=ll. 
direction z is special and cannot be interpreted 
as a worldvolume direction [20]. .We are there- 
fore dealing with a 6-brane, with a 7-dimensional 
worldvolume, that has an additional isometry in 
one of the 4 transverse directions. 
The KKll solution preserves half of the super- 
symmetry and must correspond, after gauge fix- 
ing, to a 7-dimensional supersymmetric field the- 
ory. The natural candidate for such a field theory 
involves a vector multiplet with one vector and 3 
scalars [20]. The vector corresponds to a Born- 
Infeld l-form. We are now faced with a dilemma. 
Since the KKll-monopole moves in 11 dimen- 
sions, we have 11 embedding coordinates. Fixing 
the diffeomorphisms of the 7-dimensional world- 
volume we are left with 4 instead of 3 scalars. 
These 4 scalars do not fit into a 7-dimensional vec- 
tor multiplet. At this point one might argue that, 
to eliminate the extra scalar d.o.f., we need an ex- 
tra diffeomorphism, i.e. an 8-dimensional world- 
volume, but this would upset the counting of the 
worldvolume vector components. We therefore 
need a new mechanism to eliminate the unphys- 
ical scalar degree of freedom. It turns out that 
this can be done by gauging an Abelian isometry 
in the effective sigma-model, i.e. we propose to 
work with a gauged sigma-model. 
A interesting feature of our proposal is that the 
“KKll-brane” couples to a scalar k constructed 
from the Killing vector kp that generates the iso- 
metry we are gauging. The coupling manifests 
itself as a factor k2 in front of the kinetic term in 
the effective action. Since, in coordinates adap- 
ted to the isometry, gZZ = -k2 and the length of 
the z-dimension is 
2rrR, = J dzlg,,11’2 = I dzk, 
the tension of the KKll-brane is proportional to 
R;. 
To be concrete, we propose the following ex- 
pression for the kinetic term of the KKll effective 
action: 
sKKl1 = 
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where @‘ is the Killing vector associated to the 
isometry direction t and 
k2 = -kC”k”g,, . 
Furthermore, 
P3) 
II CL” = gpv + k-2k,k,, 
(29) 
Fij = &Vj - L’jK - k'&X"djX'C$p . 
The field Cc3) is the S-form potential of ll- 
dimensional supergravity. 
Observe that the components of the “metric” 
III,, in the directions of kc1 vanish: 
kWI,, = 0. (30) 
II,, is effectively a lo-dimensional metric and, in 
coordinates adapted to the isometry generated by 
kfi, the coordinate z and the corresponding field 
Z(c) associated to this isometry simply do not 
occur in the action. 
Sometimes, it is convenient to consider only 
the purely gravitational part of the KKll action, 
i.e. the part that one obtains after setting to zero 
the worldvolume vector field strength Fij ignor- 
ing the WZ term: 
cyav. = 
KKll -TKK~~ J d75 k2 (31) 
Jldet (&X’8jXVII,,)l . 
This part of the action can be written using an 
auxiliary worldvolume metric yij in the Howe- 
Tucker form 
s.wv. = TKK~~ 
KKll 
-- 
2 J d’CJi;;i (32) 
[ 
k4’7~ijdiX’djX”IIp~ -51 . 
Eliminating 7i.j from (32) leads to the expression 
given in (31). An alternative form of (32), which 
makes the relation with a gauged sigma-model 
clear, is obtained using an auxiliary worldvolume 
vector field Ci: 
SW”. = TKKH 
KKll 
-- 
2 J d’h6d (33) 
k4’7yijDiX11DjXvgp” - 5 1 , 
with the covariant derivative defined as 
DiX’ = 8iXr” + Cik’ . (34) 
In the next section we will present a piece of 
evidence in favour of the proposed KKll action 
by considering T-duality. More explicitly, we will 
show that the lo-dimensional heterotic Kaluza- 
Klein monopole (KKh) is T-dual to the d=lO 
solitonic fivebrane (P5h)6. Note that the KKll 
action of M-theory and the different actions of the 
lo-dimensional IIA/IIB theories are related via 
dimensional reduction. The heterotic KK mono- 
pole action is obtained by truncating the IIA/IIB 
actions. The worldvolume fields of the different 
actions that are related to the KK monopole via 
reduction and/or duality are given in Table 1. 
3. T-duality 
We first wish to comment on the Buscher’s T- 
duality rules [26]. The standard derivation of 
the Buscher’s rules goes via a worldsheet dual- 
ity transformation on the isometry scalar in the 
string effective action. This derivation only ap- 
plies to strings but not to five-branes since the 
dual of a scalar is a scalar only in two dimensions. 
However, it turns out that there is an alternative 
way of deriving the Buscher’s rules which is more 
suitable for our purposes. Combining the fact 
that a wave is T-dual to a string and that the cor- 
responding source terms are given by a massless 
particle and a string, respectively, one can show 
that the massless particle is T-dual to the string 
via reduction to d=9 dimensions 1211. This way 
of formulating Buscher’s T-duality is identical to 
the way the type II T duality between the R - R 
fields is treated [2717. It is in this sense that we 
6The T-duality between KK monopole and five-brane 
solutions corresponding to the effective action has been 
considered in the context of the magnetic ciral null model 
(241 and pbrane bound states [25]. 
7An interesting feature of this alternative derivation of 
Buscher’s rules is that the duality rule of the dilaton is 
needed already at the classical level. 









Worldvolume Fields # of d.o.f. 






X!J 10 - 6 “-1”~ 3 
5+1 vi 6-2=4 
Table 1 
The table gives the worldvolume fields and number of degrees 
of freedom of the different objects that are related to the d=ll 
Kaluza-Klein monopole via reduction and/or T-duality. The 
“-1” in the fourth column indicates that a scalar degree of 
freedom is eliminated by gauging an Abelian isometry. 
show below that the KKh and P5h actions are 
T-dual to each other. 
Our starting point is the lo-dimensional het- 
erotic five-brane (P5h) action given by 
SP5h = -?-p5h d6@-2i J (35) 
4 ldet (&X@$@@~O)( + WZ. 
A direct dimensional reduction of the P5h ac- 
tion leads to an action involving an extra world- 
sheet scalar S: 
SP5h = -Tp5h J d6< c2+k-l (36) 
d ldet (diX’“djX”g,” - k2FiFj)l + 
+ wz, 
with 
Fz = aiS - Ai . (37) 
On the other hand, the heterotic KK monopole 
action KKh is given by 
SKKh = -TKKh J d6< f3-24&2 (33) 
with 
r’, = &$j _ a,$$“& ^ w . (39) 
A reduction of the KKh action over the z- 
direction gives 
SKKh = -TKKh J d6c e-2@‘k (40) 
didet( diX@jXVg,, - k-2F,‘F’)l + 
+ wz. 
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Furthermore, we have 
F,! = aiS_ Bi. (41) 
Combining the above reductions we see that the 
P5h and KKh actions reduce to two actions in 
nine dimensions that differ by the following in- 
terchanges: 
k H k-l, A-B, (42) 
which are exactly Buscher’s rules in nine- 
dimensional language [28]. This proves the T- 
duality between the P5h and KKh actions. 
4. New Developments 
After the conference new developments took 
place in which it became evident that gauged 
sigma models not only play a role in the de- 
scription of the KK monopole but are also relev- 
ant to describe the dynamics of massive branes, 
i.e. branes that move in a background with a 
nonzero cosmological constant. These new devel- 
opments are described in [29]. The first observa- 
tion relevant to these developments is the follow- 
ing one. The 11-dimensional origin of the D-2- 
brane requires a worldvolume duality transform- 
ation of the Born-Infeld (BI) vector into a scalar 
[30]. This dualization proceeds in the standard 
way for massless backgrounds, i.e. m = 0, but is 
seemingly problematic for m # 0 due to the pres- 
ence of a topological mass term. It was noted in 
[22] that one can dualize on-shell and this dual- 
ization leads to the following line element for the 
eleventh scalar: 
d.X1l - mV 2 z . (43) 
In other words, the general line element is given 
by 
diXfi - &kc”, (44) 
with kfi = mP”. But this is excactly the line 
element of a gauged sigma model considered in 
the context of the KK monopole: 
8,X’ - Cik' . (45) 
The suggestion made was that gauged sigma 
models should also have a role to play in the de- 
scription of massive branes. 
Soon after the conference a paper appeared [31] 
where it was shown that the above-mentioned 
duality procedure could even be done off-shell 
by introducing an auxiliary l-form and an ex- 
plicit form of the massive M-Zbrane action was 
given. It was suggested that the auxiliary l-form 
played the role of the auxiliary gauge field in a 
gauged sigma model. The precise identification of 
the massive M-2-brane action as a gauged sigma 
model was subsequently made in [32]. 
It has turned out that the relation between the 
masive M-2-brane and gauged sigma models also 
applies to the other branes of M-theory, in par- 
ticular the M-0-brane and M-8brane [29]. We 
briefly summarize the different cases below (for 
more details, see [29]). 
4.1. The massive M-0-brane 
We first consider the action of the massless M- 
0-brane: 
3 [XQ = -5 
J 
d<fi y-l i&t%,~%j,, ,(46) 
where p is a constant with the dimensions of 
mass. This action is known to give upon direct 
dimensional reduction the action of the D-0-brane 
of Type IIA superstring theory (see e.g. [33]). 
Our goal is to obtain an effective action with ll- 
dimensional target space from which one can de- 
rive the effective action of the massive D-0-brane. 
Our construction requires that the metric has an 
isometry generated by a Killing vector ifi. To 
obtain a gauged sigma model one simply replaces 
the derivative to < by the covariant derivative 
D$@ = @c - ?j (27~1’) bE ipI (47) 
where bt is an auxiliary gauge field. We thus ob- 
tain the following action: 
$ga”& [X?b<,yl = 
(48) 
-$ J-dcJi;;i y-l D$tfiD$&jpp. 
Now we want to perform the dimensional re- 
duction of the gauged action in the direction as- 
sociated to the isometry. As a first step, us- 
ing a coordinate system adapted to the isometry 
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(ifi = @) we rewrite the background fields in 
IO-dimensional form, obtaining 
with 
I 
SEE = dcX”dgXVg,, ) 
(WE = a,xfi c(l), ) (50) 
Q(i+ = &c(O) + &C(1)E - ?jbE. 
B(l)< is the gauge-invariant “field” strength of 
c(O). The worldvolume O-form c(O) is related to 
the original 11-dimensional coordinate Y by 
Y = (2ncr’)JO) . (51) 
Next, we eliminate c(O) (or, equivalently, Y) by 
using its equation of motion which essentially says 
that the momentum of the particle in the direc- 
tion Y is constant. Using standard techniques 
this leads to the action of a massive D-0-brane: 
9 P‘, kl = -Pyl Jd5 e-$m 
(52) 
+Pr, Jd< (C(‘+ - ?j (27~~‘) be) , 
with bc being the Born-Infeld vector “field”. 
4.2. The massive M-2-brane 
Starting from the massless M-Zbrane action 
we perform a similar gauging as in the particle 
case. At the same time, however, we want the 
resulting gauged action to remain invariant un- 
der the gauge transformations of the 3-form 6. 
A straightforward Noether procedure leads to the 
following action [32] 
&gauged [2i”, &] = 
-TM2 j- d3i dm 




D,A?’ = &R’ - ?j (2no’) ii(i) L’(T). (54) 
Below we describe the direct and double dimen- 
sional reduction of this action. 
4.2.1. Direct Dimensional Reduction: the 
Massive D-2-Brane 
By assumption the background has an iso- 
metry and we can perform direct dimensional 
reduction of the action Eq. (53) in the direc- 
tion associated to the isometry that we have 
gauged. This amounts to a simple rewriting of 
the background fields from 11-dimensional to lo- 
dimensional form. We thus find the action of [31]: 
s [Xfi, L!(O), &] = 
+% j- d3J^ ii@ { C(“& - 3C(‘)&+ 
(55) 
+3(2aa’)@‘)+ - 3 F (27KXf)%&~~} ) 
where 
{ 
gu = &xVjxVg,” ) etc. 
(56) 
@l). = &$O) + _L-C(Vi - 5 ($. 
The worldvolume O-form c(O) is related to 
the original 11-dimensional coordinate Y as in 
eq. (51) and transforms as follows: 
&$O) = --L-A(c) + mjjcc) . 
2 (57) 
The equivalence between this action and the 
usual effective action for the massive D-2-brane 
which only contains the BI vector field (and not 
the worldvolume scalar 2(O)) can be seen by dual- 
izing 8’) into a l-form &. The equation of motion 
of 88 then reads 
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and the action reduces to that of a massive D-2- 
brane: 
s [Xg&] = EijFij = (2rOJ’) 1fJijl 7 
J- 
(63) 
where the worldvolume l-form field bi has become 
the Born-Infeld (BI) vector field. 
4.2.2. Double Dimensional Reduction: the 
type IIA String 
We now consider the double dimensional reduc- 
tion of the massive M-Zbrane worldvolume effect- 
ive action. We will see that this reduction leads 
to the usual (“massless”) type IIA string action. 
It is convenient to perform the double dimen- 
sional reduction of Eq. (53) in two steps. First, 
we perform a direct dimensional reduction, ob- 
taining Eq. (55). In a second step we eliminate 
the target space coordinate Y together with the 
worldvolume coordinate E2. This is done by set- 
ting 
l?(O) = +&2 ( 
^ 
a,= = d2br = 0. (f-33) 
The auxiliary worldvolume l-form & is reduced 
as follows: 
ii = bi , &=s. (61) 
Substitution of the above Ansatz in the action 
leads to 
S [X', bi, s] = 
-TMz~ ./ d2t (1 - 3h’) s) m 
(62) 
+v Jd2< ei’ { (1 - q(2~~r’) S) Bij 
-vL(~~cx’)~ s&bj} , 
where we have taken E2 E [0, 11. We can now 
safely eliminate the worldvolume vector field by 
using its equations of motions. First, the equa- 
tion of motion for the scalar s is 
and substituting it into the above action both s 
and bi are eliminated and the resulting action is 
that of the type IIA string in the Nambu-Goto 
form: 
s [XP] = -TMz~ _j- d2E m 
(64) 
+v Jd2< @jBij. 
4.3. The massive M-bbrane 
The massive M-5-brane can be treated at the 
same footing as the M-0-brane and M-Zbrane dis- 
cussed above. Since the formulae involved are 
rather complicated we will not give the details 
here (they can be found in [29]. However, an 
additional subtlety occurs which is most easily 
described by first considering the lo-dimensional 
massive p-5A-brane which is nothing but the dir- 
ect dimensional reduction of the massive M-5- 
brane. 
The point is that the construction of the WZ 
term in the worldvolume action of the massive 
p-5A-brane requires a dualization of the massive 
NS/NS target space 2-form field along the lines 
recently discussed in [34]. A noteworthy feature is 
that, whereas in the usual formulation of IIA su- 
pergravity the R-R l-form Cc’) is a Stueckelberg 
field that gets “eaten up” by the NS/NS 2-form 
B which becomes massive: 
( 
C(i) ---$ Stueckelberg field, 
B-, massive field, 
in the dual formulation the situation is reversed: 
the dual NS/NS 6-form &IA becomes a Stueck- 




-+ massive field, 
&IA -+ Stueckelberg field. 
*We ignore here the fermionic terms which in the super- 
symmetric case are to be added to the field equations. 
It might well be that, in order to construct a kappa- 
symmetric massive superstring action, it is more conveni- 
ent to use the form of the action given in (62). 
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An immediate consequence of the above obser- 
vation is that, since &A occurs as the leading 
term of the WZ term of the p-5A-brane, we must 
introduce an independent auxiliary 6-form world- 
volume field in order to cancel the Stueckelberg 
transformations of &IA. This is on top of an 
auxiliary worldvolume l-form which must be in- 
troduced in order to construct a WZ term that 
is invariant under the “massive gauge transform- 
ations” of massive IIA supergravity. The massive 
p-5A-brane therefore contains extra couplings to 
a worldvolume l-form and 6-form that are absent 
in the massless case. The situation is similar to 
that of a D-0-brane in a massive backgound. In 
that case the Stueckelberg variation of the lead- 
ing term Cc’) in the WZ term is cancelled by an 
auxiliary BI l-form field that couples to the D- 
0-brane with a strenght proportional to the mass 
paramter m. 
5. Conclusions 
We have reviewed different aspects of branes 
in string theory and M-theory. In particular, 
we have argued that the worldvolume theory de- 
scribing the dynamics of a Kaluza-Klein mono- 
pole is given by a gauged sigma model. We 
have also briefly reviewed some recent applica- 
tions of gauged sigma models to the description 
of massive branes, i.e. branes moving in a back- 
ground with a nonzero cosmological constant. 
One interesting outcome of the construction 
of the massive IIA 5-brane is that it contains a 
coupling to a worldvolume g-form cc61 with the 
strenght of the coupling proportional to m: 
s massive 5-brane N 
J 
d6( m&“‘i6cil...i6 . (65) 
A similar coupling occurs in the massive D-O- 
brane action: 
S massive DO-brane N J d< rnbt . (66) 
For the massive DO-brane, this new coupling, 
which is absent in the massless case, is known 
to have implications for the anomalous creation 
of branes [35,36]. It can be argued that the new 
couplings we find in the case of the solitonic 5- 
brane have similar implications [29]. 
It would be interesting to see whether the 
gauged sigma model approach can also be applied 
to describe a massive KKll monopole and/or the 
conjectured MS-brane. Concerning the KKll- 
monopole, the situation is unclear at the time of 
writing. Note that a new feature in this case is 
that the gauged sigma model is already needed to 
describe the dynamics of the KKll-monopole in 
a massless background. 
Finally, one might wonder whether our res- 
ults shed new light on the evasive ll-dimensional 
9-brane (see also [20]). A standard argument 
against the 9-brane is that the corresponding lo- 
dimensional worldvolume field theory does not al- 
low multiplets containing a single scalar to in- 
dicate the position of the 9-brane. A way out 
of this is to assume that the 9-brane is really 
an 8-brane with an extra isometry in one of 
the 2 transverse directions, leading to a gauged 
sigma-model. Now, we are dealing with a nine- 
dimensional field theory which naturally contains 
a vector multiplet with a single scalar. It would 
be interesting to pursue this line of thought fur- 
ther and see whether it leads to a proper formu- 
lation of the long sought for ll-dimensional 9- 
brane. 
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Figure 1. The relation between d = 10 IIA and d = 11 solutions: Vertical lines imply direct 
dimensional reduction, diagonal lines double dimensional reduction. The shadowed area indicates the 
relationship between known ten-dimensional solutions and a conjectured 9-brane in d = 11. 
